We have demonstrated that egg-white lysozyme (EW-LZM) bound to lipopolysaccharide (LPS), reduced the lethal toxicity and the biological activity of LPS. In this study, the interaction of LPS with murine lysozyme (M-LZM) and the modulation of biological activities were investigated. M-LZM was prepared from the culture supematant of the murine macrophage cell line RAW264.7 by ion-exchange and gel filtration chromatographies and dialysis. Two types of M-LZM, murine M lysozyme (MM-LZM) and murine P lysozyme (MP-LZM). were purified from the supematant. The enzymatic activities of both MM-LZM and MP-LZM were inhibited by LPS and their effects were affected by the temperature and the ionic strength. TNF-cu production from RAW264.7 by LPS was inhibited by mixing with MM-LZM and MP-LZM. MP-LZM inhibited TNF-CI production stronger than MM-LZM. Considering these facts, we suggested that M-LZM, like EW-LZM, make a complex with LPS to reduce the toxicity of LPS together with inhibiting the enzymatic activity.
Introduction
Lipopolysaccharide (LPS), which is one of the major components of the outer membrane of Gramnegative bacteria, is composed of lipid A, core oligosaccharide, and 0-antigenic polysaccharide [l I. It is suggested that the stimulation of the host immune system by a small quantity of LPS which come from enterobacteria or other bacteria is useful for the development of the immune system or the stabilization of the defence mechanism. When the host is exposed to an excess of LPS, various host cells produce and secrete cytokines, including tumor necrosis factor (TNF) [2] , interleukin-1 (IL-l) [3] , and interleukin-6 (IL-6) [4, 5] , causing fever, hypotension, multi-organ failure (MOF), disseminated intravascular coagulation (DIG), and septic shock.
It is known that various molecules, such as LPS binding protein (LBP) [6] , bactericidal/permeability increasing protein (BPI) [7] , cationic antimicrobial protein (CAP) [8] , lactoferrin [9] , and lysozyme (LZM) [lo-191 have the capacity to bind to LPS resulting in neutralizing the toxicity. Lysozyme is a muramidase which hydrolyzes 1,4-p linkages between N-acetylmuramic acid and N-acetyl D-glucosamine of the peptidoglycan in the bacterial cell 0928-82&l/96/$15.00 0 1996 Federation of European Microbiological Societies. All rights reserved P/I wall. Recently, we have demonstrated that egg-white lysozyme (EW-LZM) bound to LPS to reduce the biological activity of LPS, such as mitogenic activity, polyclonal B-cell activation, the production of TNF-(r, and IL-6 from macrophages/monocytes both in vivo and in vitro [13,17-191. It is well known that the structure of LZM is highly conserved among species. However, homology of the primary sequence among lysozymes was not significantly high; murine M lysozyme has 56.9% and 77.7% amino acid identity with chicken-and human-lysozyme, respectively [20] . Thus, it is worth investigating to compare LPS neutralizing activity of LZM from various species. First of all, we attempted to obtain murine lysozyme (M-LZM) in consideration for application in vivo, and investigated effects of M-LZM on the biological activity of LPS in vitro.
Materials and methods

I. Reagents
Phenol-extracted
Escherichia coli LPS (0111 :B4) was purchased from Sigma Chemical Co., St. Louis, MO.
Treatment of macrophages
RAW264.7
murine macrophage-like cells were suspended at 2 X 10" cells/ml in RPM1 1640 medium containing 10% fetal calf serum (FCS). The cell suspensions (0.5 ml) were placed in a 48-well tissue culture plate, and incubated for 24 h. After incubation, LPS (final concentration 40 ng/ml) in the presence or absence of lysozyme was added to the resulting adherent cell layer of RAW264.7. The plates were incubated for 24 h at 37°C in a humidified CO, incubator. Culture supematanrs were obtained and stored at -20°C until use.
Purification of murine lysoz_yme
Murine lysozymes (M-LZMS) were obtained from the culture supematant of the murine macrophage cell line RAW264.7 as follows. Aliquot of the supernatant (3300 ml) was applied to a column of Cellulofine C-200 (CM-Ion Exchanger, Seikagaku Kogyo Co., Tokyo, Japan), equilibrated with 0.1 M Tris . HCl, pH 10. The column was eluted by increasing the concentration of NaCl from 0.3 M to 1 .O M in 0.1 M Tris . HCl, pH 10, at a flow rate of 0.5 ml/min.
Protein eluted from the column was monitored by LZM activity. Fractions containing each M-LZM were collected and rechromatographed on the same column. M-LZM fraction was then subjected to gel filtration on a Sephadex G-75 (Pharmacia) column pre-equilibrated with 0.2 M ammonium acetate buffer, pH 5.0, and eluted with the same buffer. Fractions having LZM activity were collected, dialyzed overnight against phosphate buffered saline (PBS) and stored at -20°C. Some fractions were subjected to Tris-glycine SDS-PAGE and were visualized by silver staining. Being judged from the pattern of SDS-PAGE, two types of LZMs (MM-LZM and MP-LZM, see Results) were isolated.
Measurement of TNF-a concentration by ELISA
A sandwich enzyme linked immunosorbent assay (ELISA) was developed to quantitate TNF-(Y in the culture supernatant of RAW264.7. Purified rat antimouse TNF-(U mAb (Pharmingen, San Diego, CA) (250 ng) was coated on the surface of the ELISA plates by incubating overnight at 4°C in 0.1 M bicarbonate buffer (pH 9.6). Plates were washed with PBS containing 0.05% Tween-20 (PBST) and were blocked with 0.5% bovine serum albumin (BSA) in PBST (B-PBST) for 40 min at 37°C. After washing, the wells were incubated with a TNF-(Y source for 40 min at 37°C. The plate was washed again and exposed to rabbit anti-TNF-cr serum diluted to l/2000 (Genzyme, Boston, MA). After washing and blocking, the plates were treated with a l/ 10000 dilution of peroxidase-labelled goat anti-rabbit IgG (Organon T k 'k e m a, Co., West Chester, PA). After final washing, peroxidase-conjugated antibody was detected by peroxidase substrate (TMB microwell peroxidase substrate system; Kirkegaard and Perry Laboratories Inc., Gaithersburg, MD). Color development was assessed at 450 nm (main) and 630 nm (reference) with an ELISA reader. Recombinant murine TNF-(w (R&D Systems, Minneapolis.
MN) was used as assay standard. 
Lysozyme enzyme assays
The enzymatic activity of lysozyme was measured by rates of lysis of Micrococcus lysodekticus (Sigma Chemical Co., St. Louis, MO) as described previously [ 121.
Limulus test
The activation of factor C by LPS was measured by calorimetry using a toxicolor system (LS-1 set, Seikagaku Corporation, Tokyo). For this assay, dilutions of samples in 50 ~1 were added to an equal volume of limulus amoebocyte lysate in sterile 96-well flat bottomed microtiter plates. The plates were incubated at 37°C and absorbance of individual samples was determined at 405 nm every 5 min for 40 min using an automated microtiter plate reader.
Sequence analysis
Amino-terminal sequences were analysed by the technical center of Iwaki Glass Co. Ltd.
Results
I. Pur$cation of murine M-and P-lysozymes
Fractionation of the culture supematant of RAW264.7 cells using CM-Cellulofine gave two peaks by using linear gradient concentrations of NaCl in 0.1 M Tris . HCl buffer (Fig. 1) . Fractions containing proteins were examined by SDS-PAGE. The existence of two types of LZMs having similar molecular mass (approximately 14.5 kDa) was revealed. Contaminated proteins having larger molecular masses than the LZM were still detected on SDS-PAGE (data not shown). Each LZM was pooled and re-chromatographed on the same column. Each LZM fraction was subjected to gel filtration on a Sephadex G-75 column pre-equilibrated with 0.2 M ammonium acetate buffer, pH 5.0, and eluted with the same buffer. Fractions having LZM activity were collected, concentrated, dialyzed against phosphate buffered saline (PBS), and stored at -20°C. The purity of each LZM was confirmed by SDS-PAGE Fractions subjected to SDS-PAGE was assessed by silver stain II Kit Wako. MM-LZM collected from fractions 17 to 27, MP-LZM from 29 to 39 were pooled for the next purification step.
( Fig. 2) and capillary electrophoresis ABI 270A instrument (data not shown).
NH?-terminal amino acid sequencing
The NH, terminal sequences of the 14-amino acids sequence of a lower molecular mass LZM and the IO-amino acids sequence of a higher molecular mass LZM were assessed and compared with the M M+P P KDa MP-LZM in PBS were inhibited in a dose-dependent and of murine P lysozyme (MP-LZM), respectively manner, whereas MP-LZM activity in DIW was not (Fig. 3) . strongly affected by LPS.
Effects of LPS on M-LZMs activity
We have reported that EW-LZM binds various kinds of LPS and inhibits several immunostimulatory activities. To assess whether M-LZMs, as well as EW-LZM, bind to LPS, inhibition of M-LZM activity by LPS was examined. LPS from E. coli 0 111 :B4 (phenol extracted) was mixed with MM-LZM and MP-LZM in distilled water (DIW) or phosphate buffered saline (PBS) at 37°C or 56°C for 20 min. Each LZM activity was evaluated by lytic activity to @ lysodeikticus cells at 56°C for 30 min. In this experimental condition, the enzymatic activities of
Effect of the M-LZM/ LPS complexes on TNF-CY production from RA W264.7 cells by E. coli 011 I:B4 in oitro
To assess whether M-LZM/LPS complexes reduce the toxicity of LPS, TNF-a production from the murine macrophage-like cell line RAW264.7 cells was measured. LZM-LPS (1: 1 or 5: 1) complexes were prepared at 56°C for 20 min in DIW or PBS. As shown in Fig. 6 , TNF-cy production from RAW264.7 was significantly reduced by each complex, and the activity of MP-LZM was stronger than MM-LZM. Moreover, compared with the activity of each complex prepared in lower and higher ionic strength. detoxification of LPS by LZM was more prominent in the lower ionic strength.
Effect of M-LZM/LPS complex 011 limulus actiL?t_v
To examine the effect of M-LZM/LPS complex on LPS-induced biological activity from a different point of view, the effect of M-LZM/LPS complex on limulus test was investigated. M-LZM/LPS (5: 1) complexes were prepared as mentioned above, and the final LPS concentration of 0.1 ng/ml was used. As shown in Fig. 7 , limulus activities of both MM-LZM/LPS complex and MP-LZM/LPS complex were reduced compared to LPS alone. As also shown in Fig. 6 . the activity was more prominent in MP-LZM/LPS complex. -13,15,16,22] . In this paper we tried to purify M-LZM and examined It is known that LZM exists in most tissues, especially in cells such as granulocytes, macrophages, the Peneth cells of the small intestine, etc. [23] . We used murine macrophage cell line RAW264.7, because we found, during the preliminary investigation, that the culture supematant of this strain contained a significantly higher concentration of LZM compared with other cell lines. To purify M-LZM which is a cationic protein, first ion-exchange chromatography using a CM-cellulofine C-200 column was carried out. As a result, it turned out to be two types of M-LZM in the culture supematant.
As described above, each LZM was isolated by several chromatographies. Although the recovery of M-LZM was approximately IO%, it was sufficient to assess the effects of M-LZM on LPS-induced biological activities.
37°C (in DIW)
Three types of LZM have been reported from mice; M lysozyme, P lysozyme, E lysozyme [24] . As for M lysozyme and P lysozyme respectively, amino acid sequences were fully revealed [20, 25] . Comparing the N-terminal sequence of the purified LZM with the reported sequences, it is strongly suggested that the lower and higher molecular mass LZMs corresponded to MM-LZM and MP-LZM respectively.
It has been clarified that LZM makes complex with LPS, and the complex loses the LZM enzymatic activity and various biological activities of LPS. In addition, the complex formation was affected by various chemical, physical, and environmental factors [lo-151. The results shown in this paper strongly suggested that M-LZM bound to LPS, simultaneously lose the LZM enzymatic activity and LPS-induced TNF-a production from RAW264.7 cells as well as EW-LZM and these effects were stronger in
56°C ( well as EW-LZM to reduce LPS-induced biological activities. Expression of the LZM gene is a maker for the differentiation of macrophage, LZM transcription being gradually increased during maturation [20] . LPS induces the expression of the lysozyme gene in chicken macrophages and retrovirally transformed macrophage cell lines [26] , whereas it was revealed that LPS induces down-regulation of macrophage lysozyme protein [27] . We do not know whether inhibition of LZM secretion is favorable for inducing endotoxin shock when macrophages were stimulated by LPS. However, there is the possibility that MM-LZM can control LPS, because MM-LZM could affect factor C activation by LPS as shown in Fig. 7 . Judging from Figs. 6 and 7, the action of MP-LZM to LPS in the intestine seems to be important. Actually, a significantly high concentration of lysozyme exists in the small intestine. LZM in the intestine, especially on the mucous membrane, might play an important role in preventing invasion of LPS from enterobacteria.
In conclusion, we suggested that M-LZM, as well as EW-LZM, make a complex with LPS to control LPS-induced toxicity together with inhibiting the enzymatic activity and that this effect was affected by temperature and ionic strength. Perhaps LZM would firstly make an approach to LPS by electrostatic interaction, and secondly bind to LPS with its changing tertiary or quaternary structure. In addition, in spite of the replacement of only 1 I amino acid sequences between MM-LZM and MP-LZM, the detoxification activity of MP-LZM was stronger than MM-LZM. Therefore, there may be a possibility that the specific sequences in LZM could bind strongly to LPS, such as BP1 or CAP. We have previously indicated that hen egg lysozyme binding to LPS involves two relatively hydrophobic regions, residues 60-76 and 108-120 as major domains [28] . In these regions, there are replacements of four amino acid residues; Ala73 to Ser73, Va174 to Lys74, Ala1 14 to Thr114, His1 15 to Glnl15, between MM-LZM and MP-LZM. These replacements are very interesting because LPS-neutralizing activity was different between MM-LZM and MP-LZM. Finally, the fact that the isoelectric point of MP-LZM was higher than MM-LZM, leads us to assume that the higher isoelectric point is important for the endotoxin neutralizing activity.
